The construction of supramolecular architectures based on inorganic-organic coordination frameworks with weak noncovalent interactions has implications for the rational design of functional materials. A new crystalline binuclear copper(II) one-dimensional polymeric chain, namely catena-poly [[[tetrakis(-4azaniumylbutanoato-2 
Introduction
The investigation of novel metal-organic coordination polymers has attracted a great deal of research interest as a result of their ability to form interesting structures with potential applications in catalysis, molecular adsorption, magnetism, nonlinear optics and electrical conductivity (Mitzi, 1999) . In particular, the construction of supramolecular architectures (Moulton & Zaworotko, 2001 ) based on inorganic-organic coordination frameworks with weak noncovalent interactions (Steiner, 2002; Desiraju, 2002) is an exciting area of research that has implications for the rational design of functional materials (Evans & Lin, 2002) . The selection of ligands is very important in the construction of these coordination polymers. In this respect, organic carboxylate ligands are widely used to design extended one-, two-or three-dimensional systems with interesting magnetic properties. These ligands show a variety of coordination modes with different metal atoms (Evans & Lin, 2002) . Among carboxylate ligands, 4-aminobutyric acid (GABA) is of biological interest because it is a major inhibitory neurotransmitter physiologically active in the central nervous system (Licata et al., 2009; Karakossian et al., 2005) . Interestingly, Yogeeswari and co-workers have synthesized new GABA derivatives useful in the treatment of neurological disorders with anticonvulsant and antinociceptive activities (Yogeeswari et al., 2007) . There are two crystal forms of GABA, viz. the stable monoclinic phase (Tomita et al., 1973) and the metastable tetragonal phase (Dobson & Gerkin, 1996) . Many derivatives of GABA have been synthesized and reported, such as the potassium salt of GABA (Tokuoka et al., 1981) , GABA hydrochloride (Steward et al., 1973) and [CdBr 2 (GABA) 2 ] (Dan & Rao, 2005) . Recently, Fabbiani and co-workers reported the structure of hydrated GABA obtained under high pressure (Fabbiani et al., 2014) . We describe, in this article, the synthesis, X-ray crystal structure and magnetic properties of a new coordination polymer based on GABA and copper, namely catena-poly [[tetrakis(-4-azaniumylbutanoato) dicopper(II)(Cu-Cu)]--chlorido-[diaquadichloridocopper(II)]--chlorido] bis(perchlorate)], (I).
Experimental
2.1. Instruments and materials 2.1.1. Instruments. FT-IR spectra were recorded on an ATI Mattson Genesis in the region 400-4000 cm À1 by transmission through 0.1 mm thick KBr pellets containing the powder sample. Magnetic measurements were performed using a Quantum Design SQUID-MPMS magnetometer. Susceptibility was measured on heating in an applied field of 5 kOe and isothermal magnetization was performed at 1.8 K in a field in the range AE50 kOe. Diamagnetic corrections were estimated from Pascal's constants and the sample holder contribution.
2.1.2. Materials. All reagents and solvents for the synthesis and analysis were commercially available, were purchased from Sigma-Aldrich and were used without further purification. All manipulations were performed in air.
Synthesis and crystallization
An aqueous solution (10 ml) of 4-aminobutyric acid (0.137 g, 1 mmol) was mixed with an aqueous solution (15 ml) of CuCl 2 Á2H 2 O (0.170 g, 1 mmol) at room temperature with constant stirring and gentle heating for 1 h. An aqueous solution of lithium perchlorate (0.106 g, 1 mmol) was added dropwise and the final mixture was kept at room temperature. After several weeks, green crystals appeared, from which crystals suitable for X-ray analysis were chosen. CAUTION! Perchlorate salts are potentially dangerous and should be handled with appropriate care.
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All H atoms (ligand and water) were located in difference electron-density maps and treated as riding on their parent atoms, with C-H = 0.99 Å , N-H = 0.91 Å and O-H = 1.00 Å , and with U iso (H) = 1.2U eq (C,N,O). The sample crystal was twinned, with major and minor twin components of 0.5507 (19) and 0.4493 (19), respectively. As a consequence, a twin refinement by means of the SHELXL HKLF 5 instruction (Sheldrick, 2015) was employed.
Results and discussion

Crystal structure
The crystal structure of the title compound consists of cationic polymeric chains, built on an alternating sequence of Perchlorate anions balance the charge of the copper framework, functionalized with ammonium-carboxylate groups (Fig. 1 ). Selected bond lengths and angles are listed in Table 2 . The dimeric unit exists as a divalent cation with the two Cu II atoms bridged by the carboxylate groups of four GABA ligands. The GABA ligand is in its zwitterionic form (4-azaniumylbutanoate) and is thus neutral. Atom Cu1 adopts a square-pyramidal geometry, with four carboxylate O atoms in the basal plane and a Cl3 atom in the apical site, and is slightly displaced from the basal plane by 0.206 (1) Å . The Cl-CuÁ Á ÁCu i angle of 173.56 (1) [symmetry code: (i) Àx + 2, Ày + 2, Àz + 1] indicates that the Cl-CuÁ Á ÁCu i moiety is not strictly linear, similar to other compounds with a similar dimeric copper core (Jezierska et al., 1998; Chen et al., 1998) . Atom Cu2 is located on an inversion centre and exhibits a distorted octahedral geometry whose base is formed by two Cl atoms and two coordinated water molecules. The apical positions are occupied by a bridging Cl2 atom shared with the square pyramid of Cu1, giving an alternating succession of square-pyramidal and octahedral Cu II ions along the c axis ( Fig. 2) . The distortion of the Cu2 geometry is due to an elongation of the two axial bonds resulting from the Jahn-Teller effect. The crystal structure of (I) involves an extensive hydrogen-bond network. These hydrogen bonds occur within and between the chains, as well as between the polymeric chains and perchlorate anions ( 
Figure 2
View along b of the structure of (I), showing the polyhedra around the Cu II atoms and the perchlorate anions in the inter-chain channels.
Figure 3
The hydrogen-bond scheme involving the water molecules. Ligand atoms have been omitted for clarity.
Figure 1
Displacement ellipsoid plot (50% probability level) of (I). The inset shows the perchlorate anion, but the orientation is not the same as that of the main fragment. [Symmetry codes: (i) Àx + 2, Ày + 2, Àz + 1; (ii) Àx + 2, Ày + 2, Àz.] Table 2 Selected geometric parameters (Å , ).
91.17 (15) Symmetry codes: (i) Àx þ 2; Ày þ 2; Àz þ 1; (ii) Àx þ 2; Ày þ 2; Àz.
related chelated carboxylate O atoms (O1, O2 and O4). Atom H1WA forms two intra-polymer hydrogen bonds with atoms O2 and O4, thus reinforcing these polymeric chains, while atom H1WB provides the connection between two different chains via an H1WBÁ Á ÁO1 vii interaction. The combination of these three hydrogen bonds results in rings with the motif R 4 4 (14) (Etter, 1990; Bernstein et al., 1995) , which repeats along the c axis, giving rise to a ribbon structure with the graph-set descriptor C[R 4 4 (14)] ( Fig. 3 ). Perchlorate anions are sandwiched between these polymeric ribbons, generating an alternating succession of cationic layers and perchlorate layers ( Fig. 4 ). These units are linked by N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds involving the GABA ligand, thus forming a three-dimensional hydrogen-bond network. All hydrogen bonds have significant strength and should thus participate in the global stabilization of the structure.
FT-IR spectroscopic study
The IR spectrum of the title compound ( Fig. 5 ) shows broad stretching bands in the 3100-3500 cm À1 range, assignable to the antisymmetrical and symmetrical H-O-H stretching vibrations (Chen et al., 1998) of water molecules. These bands overlap other stretching bands resulting from N-H Á Á ÁO and OW-HÁ Á ÁO moieties. The band at 1083 cm À1 corresponds to uncoordinated perchlorate ions (Chaplin, 2016; Deacon & Phillips, 1980) . The FT-IR spectrum also exhibits two strong bands at 1616 and 1417 cm À1 which are assigned to the antisymmetrical and symmetrical stretching vibrations of the carboxylate groups of the ligand, respectively. The difference The FT-IR spectrum of (I). Table 3 Hydrogen-bond geometry (Å , ). (7) 157.00 N2-H2CÁ Á ÁO3 iv 0.9100 2.5000 3.075 (7) 122.00 C2-H2DÁ Á ÁCl2 iii 0.9900 2.8200 3.708 (7) 149.00 C2-H2DÁ Á ÁCl3 iv 0.9900 2.8000 3.511 (8) 129.00 C4-H4AÁ Á ÁO5 v 0.9900 2.5800 3.215 (9) 122.00 C6-H6AÁ Á ÁN2 0.9900 2.6100 3.031 (9) 106.00 C8-H8BÁ Á ÁO8 viii 0.9900 2.5100 3.294 (9) 136.00
Figure 4
A view of the three-dimensional network of the title compound formed via N-HÁ Á ÁO and C-HÁ Á ÁO hydrogen bonds between GABA ligands and perchlorate anions, showing the alternation of the cationic and anionic layers. (black squares) and T (black circles) as a function of temperature measured in a field of 5000 Oe for (I). The red solid lines correspond to the best fit of the data (see text). of 199 cm À1 between the antisymmetrical and symmetrical stretching vibrations is in agreement with the syn-syn bidentate bridging 2 , 2 O:O 0 -mode of the carboxylate groups (Schechter et al., 1995; Zeleň á k et al., 2004) . Bands between 1000 and 1250 cm À1 are attributed to C-C and C-N stretching vibration bands of the GABA ligand (Zeleň á k et al., 2007) .
Magnetic properties
The magnetic properties of (I) were studied on randomly oriented polycrystalline samples. The magnetic susceptibility is plotted as T and versus T curves in (Fig. 6) . The magnetic susceptibility increases continuously from room temperature to 2 K. The T (T) product decreases steeply from 1.04 cm 3 K mol À1 at 300 K, reaching a plateau at ca 0.50 cm 3 K mol À1 below 100 K. The high temperature value is below that expected for three Cu 2+ ions (0.4-0.5 cm 3 K per Cu mol). The plateau below 100 K agrees quite well with the contribution of one Cu II atom. Accordingly, the magnetization versus field curve shown in Fig. 7 suggests a paramagnetic-like behaviour at 1.8 K. However, the saturation value of 0.55 m B / Cu 2+ ion at H = 5 T is almost half of that expected for one S = 1 2 spin. Hence, the magnetic behaviour of (I) does not simply consist of the superposition of antiferromagnetic dimers and isolated paramagnetic centres. Rather, it suggests the presence of strong antiferromagnetic coupling all along the chains. Actually, based on the structure, one can consider two interactions, namely J 1 between adjacent Cu1 and Cu2 atoms, and J 2 within the Cu1Á Á ÁCu1 dimeric units. To evaluate these exchange interaction values, the experimental data were fitted using a numerical approach to solve the Hamiltonian corresponding to the present chain structure:
In this expression, the first term holds for the exchange coupling along {Cu1Á Á ÁCu2Á Á ÁCu1Á Á ÁCu1} n chains. The Landé factor g was kept identical for all spin centres. The actual model for a chain should involve an infinity of spin centres. Due to computation limitations, the number of spins were limited. To avoid a symmetry breaking artefact for finite linear chains, the data were fitted by iterative diagonalization of the exchange interaction matrix written on the basis of the above Hamiltonian for rings of 12 S = 1 2 spins (SPIN; Legoll et al., 2017) . [SPIN is code for the calculation and fitting of the magnetic properties of low-dimensional systems. The code encompasses one diagonalization subroutine from the library of IDRIS (Orsay, France). The minimization program MINUIT from the CERN library (CERN, Geneva, Switzerland) is included for fitting the experimental curves.] The result of the numerical approach is shown in Fig. 7 . A good agreement was obtained for J 1 /k = À12.5 (2) K, J 2 /k = À473 (2) K and g = 2.28 (1). The g value, which is a mean value for the two Cu II sites, is within the range reported in the literature (Carlin, 1986) . The very strong value of J 2 is in agreement with that observed in similar paddlewheel dimers (Kahn, 1993; Carlin, 1986) . Thus, the behaviour of the chains appears dominated by that of the strongly antiferromagnetic Cu1Á Á ÁCu1 dimers. However, the paramagnetic Cu2 centres are not innocent, as they act as a relay between the paddlewheel units, transmitting significant antiferromagnetic interactions along the chains. Using the same numerical procedure as above, we have calculated the magnetization versus field variation with the fitted values of J 1 , J 2 and g. A pretty good agreement was obtained when compared with the experimental data, as shown in Fig. 7 , which confirms the significance of the values obtained. 
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; program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015) ; molecular graphics: OLEX2 (Dolomanov et al., 2009) ; software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009) .
catena-Poly[[[tetrakis(µ-4-azaniumylbutanoato-\ κ 2 O:O′)dicopper(II)(Cu-Cu)]-\ µ-
chlorido-[diaquadichloridocopper(II)]-µ-chlorido] bis(perchlorate)]
Crystal data 
